Aluminium adjuvants, typically referred to as 'alum', are the most commonly used adjuvants in human and animal vaccines worldwide, yet the mechanism underlying the stimulation of the immune system by alum remains unknown. Toll-like receptors are critical in sensing infections and are therefore common targets of various adjuvants used in immunological studies. Although alum is known to induce the production of proinflammatory cytokines in vitro, it has been repeatedly demonstrated that alum does not require intact Toll-like receptor signalling to activate the immune system 1, 2 . Here we show that aluminium adjuvants activate an intracellular innate immune response system called the Nalp3 (also known as cryopyrin, CIAS1 or NLRP3) inflammasome. Production of the pro-inflammatory cytokines interleukin1b and interleukin-18 by macrophages in response to alum in vitro required intact inflammasome signalling. Furthermore, in vivo, mice deficient in Nalp3, ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain) or caspase-1 failed to mount a significant antibody response to an antigen administered with aluminium adjuvants, whereas the response to complete Freund's adjuvant remained intact. We identify the Nalp3 inflammasome as a crucial element in the adjuvant effect of aluminium adjuvants; in addition, we show that the innate inflammasome pathway can direct a humoral adaptive immune response. This is likely to affect how we design effective, but safe, adjuvants in the future.
Shortly after the discovery that alum could be used as an adjuvant in the 1920s (ref. 3 ), a hypothesis was put forth that alum stimulated an immune response by acting as a 'depot'; antigens were proposed to be slowly released in a particulate form that was favourable for uptake by antigen-presenting cells (APCs), thereby enhancing the immune response to the antigen (reviewed in ref. 4 ). Since then, many of the signals used by APCs to initiate T-cell responses have been identified along with the immune stimuli (for example, Toll-like receptor (TLR) ligands) required to enhance interactions between APCs and T cells. However, the cellular signalling pathways triggered by alum that induce effective immunity against antigens have remained elusive.
The initiation of adaptive immune responses is controlled by innate immune signals. Regulation of these immune signals relies on a large group of intracellular and extracellular receptors called pattern recognition receptors 5 . The best-described class of these receptors is the TLRs, which sense conserved molecular patterns from a wide range of microbes. Whereas TLRs sense non-self motifs of infectious organisms, another class of intracellular pattern recognition receptors, the NOD-like receptors (NLRs), can sense stimuli of microbial origin as well as endogenous markers of cellular damage (for example ATP or uric acid crystals) 6, 7 . Nalp3, a member of the NLR family, along with ASC (also known as Pycard) and caspase-1, forms a molecular platform called the inflammasome, which regulates the cleavage and release of the potent pro-inflammatory cytokines interleukin (IL)-1b, IL-18 and IL-33 (ref. 8). One recently described endogenous molecule that activates the Nalp3 inflammasome is crystalline (but not soluble) uric acid (monosodium urate; MSU) [9] [10] [11] . Aluminium particles of various aluminium adjuvants form insoluble particles that can aggregate, are readily phagocytosed by macrophages and have been shown to stimulate IL-1b and IL-18 production in vitro [12] [13] [14] [15] . We formed the hypothesis that the particulate nature of alum might be recognized by NLRs, much like crystalline MSU. To test whether alum activates the Nalp3 inflammasome, we used primary peritoneal macrophages from mice deficient in critical signalling components of the Nalp3 inflammasome. Because inflammasome activation requires two signals for the production of mature IL-1b, we first primed macrophages with lipopolysaccharide (LPS) and then exposed them to aluminium adjuvants. Consistent with previous reports [13] [14] [15] , aluminium adjuvants induced the production of IL-1b and IL-18 from wild-type (C57BL/6; WT) primary murine macrophages (Fig. 1a, d ), bone-marrow-derived macrophages ( Supplementary Fig. 1a ) and bone-marrow-derived dendritic cells ( Supplementary Fig. 1b ) in vitro. IL-1b secretion was dependent on the dose of alum (Fig. 1b) and peaked between 8 and 10 h of stimulation with alum in WT macrophages, but continued out to 48 h ( Fig. 2c and data not shown) .
In contrast, macrophages from animals deficient in Nalp3, ASC or caspase-1 failed to produce IL-1b or IL-18 on stimulation with multiple types of aluminium adjuvant (Fig. 1c, d, Supplementary Fig. 1b and data not shown). Another member of the NLR family, Ipaf (also known at NLRC4), also forms an inflammasome, which is capable of activating caspase-1 in response to several different Gram-negative bacteria 16, 17 . Ipaf-deficient macrophages were fully capable of secreting IL-1b in response to LPS and alum (Fig. 1c) , suggesting that alum-induced IL-1b secretion is specifically dependent on the Nalp3 inflammasome. Consistent with NLR, but not TLR activation, alum did not induce the production of IL-6 or tumour necrosis factor (TNF)-a by primary macrophages in vitro ( Supplementary Fig. 2a,  b) . Neither of two other common adjuvants, complete Freund's adjuvant (CFA) and incomplete Freund's adjuvant (IFA), induced IL-1b production by macrophages (Fig. 1e) .
Caspase-1 activation involves autocatalytic processing of the 45-kDa pro-caspase-1 to generate two subunits, p20 and p10. Caspase-1 activation in LPS-primed WT macrophages stimulated with alum was detected by western blotting by the appearance of the p10 cleavage product 4 h after the addition of alum (Fig. 2a) . Consistent with the lack of IL-1b production, caspase-1 activation was absent in macrophages deficient in Nalp3 and ASC that were exposed to LPS and alum (Fig. 2a, b) . Nalp3 knockout macrophages did not show caspase-1 activation or IL-1b production even at later time points, arguing against delayed caspase-1 activation by alum in the absence of Nalp3 (Fig. 2a, c ). These data demonstrate that alum activates macrophages in vitro to secrete mature IL-1b in a manner dependent on the Nalp3 inflammasome.
To understand how alum might stimulate the inflammasome pathway, we first tested whether the endocytic ability of macrophages was required for the alum-stimulated production of IL-1b. Inhibiting actin or tubulin polymerization with either cytochalasin B or colchicine, respectively, inhibited IL-1b production by LPS and alum ( Fig. 3a) but did not affect secretion of the inflammasomeindependent cytokines TNF-a or IL-6 ( Supplementary Fig. 2a, b) . Neither cytochalasin B nor colchicine decreased IL-1b production in response to stimulation with ATP, which uses the P2X7 receptor (P2X7R) to activate the Nalp3 inflammasome 18, 19 , confirming that macrophages were still viable and capable of secreting inflammasome-dependent IL-1b (Fig. 3a) .
ATP and MSU released from dying and injured cells into the extracellular milieu may activate the Nalp3 inflammasome 8, 9, 19 . In vitro, alum induced cell death at very high doses (that did not induce significant IL-1b) in WT macrophages and in macrophages deficient in Nalp3 and Caspase-1 (Fig. 3b) ; however, the induction of IL-1b by alum did not depend on the presence of MSU because the addition of uricase, which degrades MSU crystals and prevents the induction of IL-1b (ref. 10) , had no effect on IL-1b production in response to LPS and alum (Fig. 3c) . To exclude the possibility that Nalp3 inflammasome activation was in response to ATP release caused by alum-induced cellular damage, we used macrophages from P2X7R knockout mice. P2X7R-deficient macrophages showed no defect in IL-1b production after stimulation with LPS and alum (Fig. 3d) . Taken together, these data support a model of active endocytosis of alum by viable macrophages leading to Nalp3 inflammasome activation with the resultant secretion of pro-inflammatory cytokines.
Although several diverse stimuli activate the Nalp3 inflammasome, the efflux of cellular potassium seems to be a common step shared by these stimuli and is required for Nalp3-dependent caspase-1 activation; it has therefore been suggested that the inflammasome acts as a sensor of cellular membrane disruption 7 . Preventing this potassium efflux by increasing extracellular potassium inhibits inflammasome activation with a variety of Nalp3 triggers 20 . Indeed, increased extracellular potassium significantly inhibited alum-induced IL-1b production from macrophages ( Fig. 3e) but not the LPS-dependent production of TNF-a or IL-6 (data not shown). Pannexin pores are thought to have a function in inflammasome activation induced by ATP, nigericin or maitotoxin, possibly by facilitating potassium efflux 21 . We did not detect a significant difference in IL-1b secretion between macrophages exposed to a pannexin-pore-blocking peptide and those exposed to a produce the pro-inflammatory cytokines IL-1b and IL-18 in a Nalp3 inflammasome-dependent manner. a, Macrophages were stimulated with 50 ng ml 21 LPS for 18 h and then 500 mg ml 21 Imject alum ('Alum1') or aluminium hydroxide gel ('Alum2') for 8 h. IL-1b released into culture supernatants was measured by ELISA with a minimum detection level of 200 pg ml 21 . b, LPS-primed macrophages were stimulated with the indicated amount of Imject alum for 8 h and analysed as in a. c, Unprimed or LPSprimed WT, ASC-deficient, Nalp3-deficient, caspase-1-deficient (Casp1) and Ipaf-deficient macrophages were stimulated with Imject alum (500 mg ml
21
) for 8 h, and the IL-1b released into the culture supernatants was measured by ELISA. d, WT or Nalp3-deficient macrophages were stimulated as in c, and the IL-18 released was measured by ELISA. e, WT or Nalp3-deficient LPS-primed macrophages were stimulated with either Imject alum, CFA (120 mg ml ) for the indicated durations, and cell lysates were immunoblotted with antibodies against the p10 subunit of caspase-1. Macrophages from caspase-1 knockout mice were stimulated as indicated to provide a reference for some of the non-specific bands seen with this antibody. Indeed, the band at 15 kDa in the Nalp3 knockout samples in a and in all samples in b is distinct from the p10 band representing active caspase-1. c, LPS-primed macrophages from WT or Nalp3-deficient mice were stimulated with Imject alum (500 mg ml
) for the indicated durations, and the IL-1b released into culture supernatants was measured by ELISA. Results are shown as means 6 s.d. from one of three independent experiments. scrambled peptide. Therefore we do not currently have evidence that pannexin pores mediate alum-induced inflammasome activation. Alum is therefore a new Nalp3 trigger and, like other triggers, may induce inflammasome activation through membrane disruption with resultant potassium efflux.
Aluminium adjuvants are used in human vaccines to induce a potent humoral response; alum is also used as a potent adjuvant to induce T helper type 2 (T H 2)-mediated inflammation in murine allergy/asthma models. Given the Nalp3-dependent activation of macrophages that we observed in vitro, we tested whether immunity in mice against a model protein antigen, ovalbumin, required a functional Nalp3 inflammasome. Ovalbumin-specific IgG1 antibody induction was significantly decreased in Nalp3-deficient, ASCdeficient and caspase-1-deficient mice primed intraperitoneally with ovalbumin and alum (Fig. 4a) or subcutaneously with another protein antigen, human serum albumin (HSA) in alum ( Supplementary  Fig. 3 ), but was not affected in MyD88 knockout mice (Supplementary Fig. 4; ref. 2). We tested whether Nalp3 and ASC knockout mice have a general antibody-production defect by immunizing them with the adjuvant CFA. Ovalbumin-specific IgG2c (Fig. 4b) and IgG1 (not shown) in Nalp3 and ASC knockout mice were equivalent to levels in WT mice but, as expected, CFA-induced ovalbumin-specific IgG2c was completely dependent on MyD88 (Fig. 4b) .
T H 2 cell priming was also impaired in Nalp3, ASC and caspase-1 knockout mice as demonstrated by decreased airway eosinophilia and hilar lymph-node IL-5 production in an alum-dependent model of asthma (Fig. 4c, d ). The overall inflammation was decreased in these knockout mice without evidence of a switch to a T H 1 response (typically characterized by airway neutrophilia and IgG2c induction). Consistent with previous reports, alum-induced T H 2 responses are not affected in mice lacking MyD88 (ref.
2) or lacking both MyD88 and TRIF (ref. 1; Fig. 4c and Supplementary Fig. 4 ). Previous studies have suggested that antigen must be physically associated with (although not necessarily adsorbed on) alum for it to have an adjuvant effect 22 . Indeed, we saw a significantly impaired antibody response (Supplementary Fig. 5a ) and an absence of T H 2 inflammation in the airways when alum and ovalbumin were injected separately into the peritoneum (Supplementary Fig. 5b) . In mouse cells, but not in human cells, there is a clear requirement in vitro for two signals to activate the inflammasome and to produce pro-IL-1b (LPS and alum), yet it is not clear what is providing the first signal for alum in vivo (or other Nalp3 stimuli including MSU). We have preliminary evidence from in vitro studies that IL-1b itself can prime macrophages for alum-induced inflammasome activation (data not ). b, Lactate dehydrogenase (LDH) release was measured from LPS-primed WT, Nalp3-deficient and caspase-1-deficient (Casp1) macrophage culture supernatants stimulated with the indicated amounts of Imject alum. c, Unprimed or LPS-primed WT macrophages were stimulated for 8 h with either Imject alum (500 mg ml by aluminium adjuvants are decreased in the absence of Nalp3, ASC and caspase-1. a, WT, Nalp3-deficient, ASC-deficient or caspase-1-deficient (Casp1) mice (three to five mice per group) 6-8 weeks old were injected intraperitoneally with ovalbumin adsorbed on Imject alum on day 0 and again on day 10. Mice were challenged intranasally with ovalbumin on days 21, 22 and 23. Sera were collected from mice on day 25 and analysed for ovalbumin-specific IgG1 by ELISA as described previously 2 . Asterisk, P , 0.03; nonparametric Mann-Whitney U-test. b, WT, Nalp3-deficient, ASC-deficient or MyD88-deficient mice (three to five mice per group) were primed subcutaneously with ovalbumin in CFA on day 0 and on day 10 in IFA. Sera were collected on day 21 and analysed for ovalbumin-specific IgG2c by ELISA. c, Three to five mice per group were primed and challenged as in a; bronchoalveolar lavage was collected on day 25 and analysed as described previously 2 (see Methods) (total cell number; means and s.d. are shown). Asterisk, P , 0.03; nonparametric Mann-Whitney U-test. d, Lung draining (hilar) lymph nodes were collected from WT and Nalp3-deficient mice primed and challenged as in a and pooled within each group for restimulation; cells were restimulated in vitro with (1) shown); these results are consistent with previous reports that IL-1b can act in an autocrine manner to induce its own gene expression 23 . Other groups have similarly seen macrophage priming with cytokines (for example TNF-a) instead of LPS 13 . Combining the above information with the fact that alum must be encountered simultaneously with antigen in vivo for efficient priming suggests that the antigen might provide the first signal either directly, or indirectly by inciting the production of local pro-inflammatory cytokines from resident monocytes or specialized cells recruited by alum 24 . Once the first signal has primed the cell, alum provides the second signal for activation of the Nalp3 inflammasome. These two stimuli must be sensed by the same cell for effective immune activation, thereby increasing the specificity of an immune response and perhaps explaining why alum (which readily adsorbs antigens) is such an effective adjuvant.
Thus, by eliminating signalling through the Nalp3 inflammasome, we have eliminated one critical pathway used by alum to initiate humoral and cellular immunity. In doing so, aluminium hydroxide adjuvants 'hijack' an innate immune pathway that is exquisitely sensitive to cellular damage, perhaps as a result of the similarity to MSU in its physical structure. Although intraperitoneal MSU induces peritonitis 9 and subcutaneous MSU in concert with antigen injection has been used in vivo to initiate CD8 T-cell responses 10 , we predicted, on the basis of our findings, that this Nalp3 stimulant would also induce a significant antibody response to a protein antigen. Indeed, MSU injected intraperitoneally with antigen induces an IgG1-type antibody response similar in nature to that induced by alum in WT mice but not in Nalp3-deficient mice (Supplementary Fig. 6 ). These mice did not develop a significant T H 1-type antibody response (IgG2c) under these immunization conditions (data not shown), suggesting that MSU and alum induce a similar pattern of inflammation when injected at similar doses in the same location.
A critical question regarding the mechanism by which alum influences immunity is how alum initiates lymphocyte activation and how it favours T H 2 differentiation over T H 1 differentiation. Inflammasome-dependent cytokines have been implicated in various aspects of T H 2 responses: IL-1 has classically been thought to promote T H 2 cell proliferation 25, 26 , IL-33 is a potent pro-T H 2 stimulus 26 and IL-18 has been shown to augment IgE antibody production (although it primarily potentiates T H 1 responses) 27 . On the basis of our in vitro findings, we would predict that local production of IL-1b, IL-18 and/or IL-33 could induce the requisite signals for activation of the adaptive immune system. Indeed, we found a lower expression of Il1b mRNA from peritoneal cells of Nalp3-deficient mice immunized with ovalbumin and alum than in WT mice ( Supplementary Fig. 7 ). In further support of an IL-1-dependent model, the antibody response in another immunization model has been shown to be defective in IL-1a/IL-1b knockout mice as the result of a defect in the induction of CD40L on T cells by activated APCs 28 . However, there is no antibody production or T H 2 defect after alum priming in MyD88 knockout mice. MyD88 is critical in the IL-1 receptor signalling cascade 29 , although one recent study has identified a MyD88-independent IL-1 pathway 30 . It will therefore be of interest to study the relative roles of IL-1 family members in alum-dependent priming in future work. In addition, as new functions of caspase-1 and the inflammasome are uncovered, we will further understand how stimulation of this potent pro-inflammatory machinery results in activation of the adaptive immune response.
METHODS SUMMARY
Mice. The generation of mice deficient in Nalp3, ASC, Ipaf, caspase-1 and P2X7R has been reported previously 8, 16, 18 . Nalp3-deficient, Caspase-1-deficient and ASC-deficient mice were backcrossed nine generations, and Ipaf-deficient mice were backcrossed six generations onto a C57BL/6 background. Age-matched and sex-matched C57BL/6 mice from the National Cancer Institute were used as all WT controls. All protocols used in this study were approved by the Yale Institutional Animal Care and Use Committee. Macrophages. The generation of thioglycollate-elicited peritoneal and bonemarrow-derived macrophages and bone-marrow-derived dendritic cells has been described previously 2, 8 . Unless indicated, macrophages were primed by stimulating with 50 ng ml 21 LPS from Escherichia coli serotype 0111:B4 (Invivogen) for 16-18 h before stimulation with Imject alum (unless otherwise indicated), MSU or ATP. For ATP-stimulated cells, the medium was changed at 20 min and all stimulants were replaced. Macrophage cell death was measured by the release of lactate dehydrogenase with a cytotoxicity detection kit (Promega). Sensitizations. For intraperitoneal sensitization, 6-8-week-old mice were injected intraperitoneally on day 0 with 50 mg of ovalbumin (Grade V; Sigma) adsorbed on 4 mg of Imject alum and again on day 10 with 25 mg of ovalbumin adsorbed on 4 mg of Imject alum. Mice were challenged intranasally with 25 mg of ovalbumin in PBS on days 21, 22 and 23. Mice were killed for analysis on day 25. For subcutaneous sensitization, mice were injected subcutaneously on day 0 with 50 mg of ovalbumin in 400 mg (180 ml) of CFA and again on day 10 with 25 mg of ovalbumin in 180 ml of IFA.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Materials. All reagents were purchased from Sigma except colchicine (Calbiochem), monosodium urate crystals (Alexis), Imject alum (Pierce), CFA (Difco) and IFA (Difco). Antibody pairs for ELISA were purchased from R&D Systems (IL-1b), MBL (IL-18), BD Pharmingen (IL-5, IFN-c and IL-6) or from eBioscience (TNF-a). Ovalbumin-specific IgG1 and IgG2c were measured by ELISA as described previously 2 , and secondary antibodies were purchased from BD Pharmingen. HSA-specific IgG1 was performed as above, with HSA used for coating instead of ovalbumin. Western blotting. Electrophoresis of proteins was performed with the NuPAGE system (Invitrogen) in accordance with the manufacturer's protocol. In brief, at the indicated time after alum addition, LPS-primed macrophages were lysed in lysis buffer (50 mM Tris-HCl pH 8.0, 5 mM EDTA, 150 mM NaCl, 1% Triton-X100 and a protease inhibitor cocktail (Roche)) and stored at 280 uC until analysed. Proteins were separated on a NuPAGE gel and transferred to a PVDF (poly(vinylidene difluoride)) membrane by electroblotting. To detect caspase-1, a rabbit polyclonal anti-mouse caspase-1 p10 antibody (clone M-20; Santa Cruz Biotechnology) was used. Statistical analysis. We performed statistical analysis by using an unpaired Student's t-test for all studies unless otherwise indicated. We considered P , 0.05 to be statistically significant. For Fig. 4a, c and Supplementary Figs 5 and 6 we performed a nonparametric Mann-Whitney U-test. Inhibition of potassium efflux. To inhibit potassium efflux, macrophages were primed with LPS for 18 h and then the medium was replaced with a serum-free buffer containing 150 mM KCl with the following composition: 10 mM HEPES, 5 mM NaH 2 PO 4 , 150 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 1% BSA, pH adjusted to 7.4 with KOH. For comparison, a buffer with 150 mM sodium chloride was used: 10 mM HEPES, 150 mM NaCl, 5 mM KH 2 PO 4 , 1 mM MgCl 2 , 1 mM CaCl 2 , 1% BSA, pH adjusted to 7.4 with NaOH. Bronchoalveolar lavage analysis. Mice were primed and challenged as indicated. On the day of analysis, mice were killed and bronchoalveolar lavage was performed as described previously 2 . In brief, inflammatory cells in bronchoalveolar lavage fluid were obtained by cannulation of the trachea and lavage of the airway lumen with PBS. Red blood cells were lysed in bronchoalveolar lavage fluid samples, total cell numbers were counted with a haemocytometer and cytospin slides were prepared by haematoxylin and eosin staining with DiffQuick (Dade Behring Inc.). Relative gene expression analysis. RNA from cells was isolated with the RNEasy/Qiashredder purification system (Qiagen) in accordance with the manufacturer's protocol. RNA was subjected to reverse transcriptase with Superscript II (Invitrogen) with oligo(dT) primer in accordance with the manufacturer's protocol. cDNA was semi-quantified using commercially available primer/probe sets (Applied Biosystems) and analysed with the DDC t (change in cycle threshold) method. All results were normalized to Hprt quantified in parallel amplification reactions during each PCR quantification. Results are presented as the relative fold induction levels, where control samples are set to an expression index of 1.
